The yeast Saccharomyces cerevisiae has a finite life span that is measured by the number of daughter cells an individual produces. The 20 genes known to determine yeast life span appear to function in more than one pathway, implicating a variety of physiological processes in yeast longevity. Less attention has been focused on environmental effects on yeast aging. We have examined the role that nutritional status plays in determining yeast life span. Reduction of the glucose concentration in the medium led to an increase in life span and to a delay in appearance of an aging phenotype. The increase in life span was the more extensive the lower the glucose levels. Life extension was also elicited by decreasing the amino acids content of the medium. This suggests that it is the decline in calories and not a particular nutrient that is responsible, in striking similarity to the effect on aging of caloric restriction in mammals. The caloric restriction effect did not require the induction of the retrograde response pathway, which signals the functional status of the mitochondrion and determines longevity. Furthermore, deletion of RTG3, a downstream mediator in this pathway, and caloric restriction had an additive effect, resulting in the largest increase (123%) in longevity described thus far in yeast. Thus, retrograde response and caloric restriction operate along distinct pathways in determining yeast longevity. These pathways may be exclusive, at least in part. This provides evidence for multiple mechanisms of metabolic control in yeast aging. Inasmuch as caloric restriction lowers blood glucose levels, this study raises the possibility that reduced glucose alters aging at the cellular level in mammals.
only life expectancy but also so-called maximum life span. Food restriction also retards the onset and the development of most manifestations of aging, including both functional decrements and age-related diseases (4, 5) . For example, it is capable of delaying spontaneous tumorigenesis in p53-knockout mice (6) . It is clear that the effects of food restriction depend on a reduction in the available calories and not on restriction of specific nutrients (7) , hence the term caloric restriction, which will be used here. Caloric restriction combines a reduction in caloric intake with adequate intakes of essential nutrients; thus, it does not entail malnutrition.
It has been suggested that caloric restriction operates through a reduction in metabolic rate, in essence resulting in a decrease in the rate of living. This does not appear to be the case (8, 9) . Although the energetic intake per animal is reduced, there is no decline on a per body weight basis. Furthermore, there is no decrease in metabolic rate in calorie-restricted animals (9) , and they remain as active as those that are fed ad libitum (9) . Among the many physiologic changes that accompany caloric restriction (10) , one of the earliest is a drop in blood glucose levels (11, 12) . This is coupled to a decline in circulating insulin and an increase in insulin receptor levels (13) . These metabolic aspects of caloric restriction suggest that there is no decrease in the intensity of fuel use, but rather a change in the characteristics of fuel use (4, 11) . The alterations observed in plasma corticosterone levels (14) would serve to enhance metabolic changes during caloric restriction. The notion that the characteristics of fuel use change on caloric restriction is supported by studies of alterations in metabolic enzyme levels (15) and gene expression for gluconeogenic, glycolytic, and nitrogen-metabolizing enzymes (15, 16) . Recent whole genome scans of gene expression during aging and caloric restriction are consistent with this notion as well (17) . Although the phenomenology of caloric restriction is extensive, an elucidation of the molecular mechanisms has been elusive, largely because of the lack of facile experimental models.
We have developed the yeast Saccharomyces cerevisiae as a model for the molecular analysis of the aging process (18) . Individual yeast cells divide a limited number of times, but the daughters they produce have, in principle, the capacity for a full replicative life span (19, 20) . The 20 genes that are known to determine yeast life span appear to function in more than one pathway, and they implicate a variety of physiological processes in yeast longevity, including metabolic control, stress resistance, gene dysregulation, and genetic stability (reviewed in ref 21) . Less attention has been focused on environmental effects on yeast aging and has been limited to an analysis of heat stress (22, 23) , ultraviolet radiation (24) , and oxidative stress (25, 26) . Yeast aging bears many similarities to aging in Caenorhabditis elegans and in Drosophila melanogaster (27) , in which the correlation between metabolic activity, stress resistance, and longevity is also found. Because we had established metabolic control as a molecular mechanism of aging in yeast (28), we were encouraged to attempt to expand the caloric restriction paradigm to this organism, with its relative ease of genetic manipulation.
Because a drop in plasma glucose levels is a rapid response to caloric restriction, we decided to examine the hypothesis that it is the lowered glucose levels that elicit the extension of life span during caloric restriction. This is readily achieved in yeast, because it simply requires a reduction in the glucose concentration of the growth medium. We have also determined the effect of reduced glucose on an aging phenotype in yeast. Finally, we have tested whether the effect on life span is mediated by the retrograde response, a pathway of metabolic control whose induction has been shown to extend yeast life span (28) . Our results have interesting implications for nutritional and metabolic mechanisms of aging.
MATERIALS AND METHODS

Yeast strains and growth conditions
What follows are the S. cerevisiae strains used in this study: YPK9 (MATa, ade2-101  ochre , his3∆-200, leu2∆-1, lys2-801 amber , trp1∆-63, ura3-52) and SP1-1 (MATa, ura3, leu2, trp1, ade8, can1, his3, gal2), described in ref 28 . RTG2 was deleted in YPK9 and SP1-1, as described earlier (28) . RTG3 was deleted in a one-step gene disruption (29) , using a SmaI-PvuII fragment derived from the deletion plasmid described (30) . The deletions were verified by Southern hybridization. Deletion clones were picked after 2 days of growth, selecting for rapidly growing colonies. Several clones of each strain were tested for life span and produced very similar results. Modified YP medium contained 5 g peptone, 2.5 g yeast extract, 6 g ammonium sulfate, 1 g magnesium sulfate, 2 g monobasic potassium phosphate, and varying amounts of glucose in 1 L. Chemically defined (CM) medium (29) was modified to contain 0.67% yeast nitrogen base without amino acids and in addition 1 g monobasic potassium phosphate, 0.5 g magnesium sulfate, and 1 g ammonium sulfate in 1 L, and the pH was adjusted to 5.5. Glucose concentrations were varied as indicated. CM medium contains adenine (40 µg/ml), arginine (20 µg/ml), aspartic acid (100 µg/ml), glutamic acid (100 µg/ml), histidine (20 µg/ml), leucine (60 µg/ml), lysine (30 µg/ml), methionine (20 µg/ml), phenylalanine (50 µg/ml), serine (375 µg/ml), threonine (200 µg/ml), tryptophan (40 µg/ml), tyrosine (30 µg/ml), valine 150 µg/ml), and uracil (20 µg/ml), in addition to the components listed (29) . Only the nonessential amino acids in modified CM were reduced in concentration or eliminated where indicated, leaving the required supplements constant. Glutamate was always present in the growth medium in experiments including an rtg2∆ strain. YPG medium was 2% peptone, 1% yeast extract, and 3% glycerol. Solid media contained 2.5% agar for modified YP and 2% for modified CM. Cells were cultured at 30 o C.
Life span determination
Life spans were determined as described previously (31) . YPK9 and its derivatives were first grown in YPG medium to suppress growth of petites. Briefly, individual, 35 new buds were selected under the microscope by micromanipulation to initiate the experiment. These cells were observed periodically, and their buds were removed and discarded by micromanipulation. At the end of their life spans, cells ceased dividing and ultimately lysed. The total number of buds produced by a cell is its life span, in generations. The significance of differences in life spans was ascertained using the Mann-Whitney rank sum test. Mean life spans are cited for ease of discussion of survival curves. The life span of the longest surviving member in each cohort is evident in each figure. This is the so-called maximum life span. Because the mortality rate plateaus at older ages in yeast (32) as it does in other species (33) , maximum life span is purely an operational term. Comparisons in this term were made between pairs of cell cohorts by selecting the longest life span of the 97th percentile of the shorter-lived cohort as the criterion for longevity. The χ 2 test was used to evaluate the significance of any differences in numbers of cells satisfying the criterion (34) .
Northern blot analysis
Cells were grown for five population doublings to early logarithmic phase (5×10 6 /ml) in modified CM medium. Total RNA was prepared, electrophoresed, and blots were prepared, as described previously (28) . Rapid-Hyb (Amersham) was used, and prehybridization, hybridizaton, and washing of blots were carried out according to the instructions of the manufacturer. CIT2 and ACT1 probes were prepared, as before (28) . Blots were analyzed on a phosphorimager, as earlier (28) .
RESULTS
In yeast, it is possible to manipulate the available glucose directly by lowering its concentration in the growth medium. We performed this experiment in a modified broth that is used routinely for culturing yeasts and studied the effect on the life span of individual yeast cells. The progressive decrease in glucose resulted in incremental increases in mean life span up to 59% (Fig. 1A) . Corresponding increases in maximum life span were also observed. Increases as high as 75% have been seen in some experiments. Similar results have been obtained with three different yeast strains.
To obtain a better understanding of the basis for the life extension observed on modifying the nutritional status of the yeasts, we altered the glucose concentration in a modified synthetic medium used routinely for culturing yeasts. Again, lowering glucose levels resulted in an increase in mean life span of up to 81% (Fig. 1B) . However, reduction of the glucose concentration <0.01% abrogated this response completely. Apparently, glucose begins to become limiting for longevity below this concentration. It is worth noting that the individual yeasts whose life span was examined on the solid medium in the petri dish were essentially at infinite dilution, providing for growth at equilibrium.
One manifestation of aging in yeast is an increase in generation time, which is the interval between consecutive buddings of an individual cell (34) . This can readily be measured by determining the cumulative buds generated by the aging cohort during the course of the experiment (28) . Figure 2 shows that the age-related increase in generation time was postponed when life span was extended by lowering glucose levels in the medium, as evidenced by the delay in the reduction in the rate of bud production. The rate at which daughter cells were produced was also enhanced by this manipulation, after a brief lag.
We have argued that metabolic control plays an important role in determining yeast longevity (27) . Indeed, any increase in yeast life span entails an enhancement of metabolic capacity, because life span is measured by the total number of buds produced by an individual yeast (Fig.  2) . Direct evidence of the importance of metabolic control in determining yeast life span was provided recently by the demonstration of the role of intracellular signaling from the mitochondrion to the nucleus (retrograde response) in yeast longevity (28) . To determine whether the effect of lowering glucose levels on life span is mediated by this signaling pathway, we studied the induction of the retrograde response under conditions in which reduced glucose extends life span. Reduction of glucose concentration did not result in the induction of CIT2, the diagnostic gene for the retrograde response (35) (Fig. 3) . On the contrary, a reduction in CIT2 mRNA levels was observed.
It might be argued that CIT2 expression may not be an accurate measure of the retrograde response under our conditions. We therefore examined the effect of deletion of the RTG2 gene, which encodes a downstream mediator of the retrograde response (36), on the life extension observed on glucose reduction (Fig. 4A) . Deletion of this gene did not suppress the life extension. There was a small decrease in life span at high glucose concentrations that has been variably observed earlier on other growth media as well. Interestingly, the decrease was suppressed by growth at low glucose levels (Fig. 4A) , suggesting the elimination of any requirement for this gene for optimal longevity. Deletion of RTG2 completely abolished CIT2 expression (Fig. 3) , as expected.
Three genes, RTG1, RTG2, and RTG3, are known to be required for the retrograde response (30, 36) . Rtg2p may promote the formation of the active heterodimeric Rtg1p-Rtg3p transcription factor that binds to the retrograde response element in the promoters of retrograde response genes (37) by transducing mitochondrial signals affecting the phosphorylation state and subcellular localization of Rtg3p (38). Thus, it was possible that the life extension resulting from the reduction of glucose levels simply by-passed the requirement for Rtg2p but was still dependent on the transcription factor. To examine this possibility, we deleted RTG3. Deletion of this gene completely abolished the expression of CIT2, as expected (Fig. 3) . We examined the effect of RTG3 deletion on life extension (Fig. 4B) . Life extension on reduced glucose was not suppressed in the rtg3∆ strain. In fact, deletion of this gene resulted in a 55% increase in mean life span even without a reduction in glucose concentration. Thus, under these growth conditions, the expression of genes that are under the control of the Rtg1p-Rtg3p transcription factor suppresses longevity. This contrasts with the requirement of the Rtg pathway for life extension when the retrograde response is induced in petite yeasts whose mitochondria are not fully functional (28) . The increase in mean life span obtained by reducing glucose levels (80%) was additive (123%) to that observed on deletion of RTG3. This is the largest increase in longevity described thus far in yeast. The results suggest that the pathways/mechanisms of life span determination by nutritional status and by the retrograde response are distinct. In addition to YPK9, these results have been obtained with strain SP1-1, in which the details of the induction of the retrograde response are different but in which its effect on life span is the same as in YPK9 (28).
We had found that extension of life span by reduction of glucose concentration in the growth medium was only effective when the peptone and yeast extract concentrations were lowered in the standard broth used for culturing yeast (Fig. 1A) . This suggested that manipulation of other nutrients, especially amino acids, might result in life extension. This hypothesis was tested (Fig.  5A) . Decreasing the amino acids concentration, while maintaining glucose levels, resulted in a progressive increase in mean life span (up to 95%). Life extension by lowering amino acids levels did not operate via the retrograde response pathway, because it was not suppressed by deletion of RTG2 (Fig. 5B) . Thus, it is not the reduced availability of a specific nutrient (glucose or amino acids) that is important for life extension. Rather, it appears to be the restriction of the caloric content of the growth medium that plays a role.
DISCUSSION
This study shows that yeast life span can be modulated by environmental manipulation. The only previous demonstration of this possibility was the extension of life span afforded by the induction of thermal tolerance in yeast (23) . The extension of life span observed through alteration of the nutritional status of the yeasts has many of the features of caloric restriction in mammals. First, this effect is continuous, functioning somewhat like a rheostat-the greater the reduction in glucose or amino acids concentrations, the larger the life extension, at least up to a point (Figs. 1 and 5A ). This suggests that the underlying mechanism involves changes in flux through a pathway rather than a threshold effect that triggers an all or none response. Second, the life extension is associated with a delay in the onset of an aging phenotype (Fig. 2) . Third, the effect is not dependent on limitation of a specific nutrient (Figs. 1 and 5) . On the basis of these similarities, we tentatively call this mechanism of life extension in yeast caloric restriction. The continuous increase in life span with decreasing glucose levels suggests that life extension is not simply a result of release from glucose repression (Fig. 1A) . The difference in glucose concentrations at which the maximum effect on longevity is observed in broth compared with chemically defined medium further supports this conclusion (Fig. 1A, B) . Clearly, the extension of life span by limitation of amino acids is not the result of release from glucose repression (Fig.  5 ).
It appears that a reduction in blood glucose levels is an inevitable consequence of caloric restriction in mammals. It has been demonstrated in rats (11) and in mice (39) . Recently, it has also been observed in nonhuman primates (40, 41) . The fact that lowering the concentration of glucose available to individual yeast cells has such a marked effect on their longevity and aging possesses important consequences. It suggests that a key component of the anti-aging effect of caloric restriction in mammals may be changes elicited by glucose at the cellular level. In addition to enhanced longevity, calorie-restricted animals enjoy the retardation or elimination of many of the manifestations of aging, as indicated earlier. This feature of caloric restriction is duplicated in yeast. A quantitative determination of the development of a senescent phenotype was used by measuring the generation time as the cumulative buds produced during the yeast life span (Fig. 2) . The reduction of available glucose postponed the decline in budding rate normally seen during aging, indicating a delay in the appearance of a senescent phenotype. All other things being equal, the calorie-restricted yeast display a higher level of metabolic activity than the controls, as evidenced by the increase in budding rate (Fig. 2) . This suggests a change in the way in which nutrients are metabolized. This change could be quantitative and/or qualitative. The latter would imply an alteration in physiological thresholds, responses, and set points. In fact, marked changes occur in the manner in which glucose is metabolized when its concentration is lowered in the yeast growth medium (42) .
Another metabolic mechanism that determines yeast life span is the retrograde response (28) . Caloric restriction effected by a reduction in glucose in the medium did not induce the retrograde response (Fig. 3) . In fact, the opposite occurred. This was also the case when caloric restriction was imposed by lowering levels of amino acids (data not shown). This raises the possibility that caloric restriction operates by down-regulation of the retrograde response, at least in part. Most importantly, deletion of the downstream mediator of the retrograde response RTG2 did not suppress the extension of life span by caloric restriction (Figs. 4A and 5B). If anything, caloric restriction alleviated any requirement for RTG2 for a normal life span. Components of the retrograde response and caloric restriction act additively (Fig. 4B) ; their simultaneous manipulation resulted in the largest increase in longevity that has been observed (123%). Under the growth conditions in this study, Rtg3p appears to suppress longevity (Fig. 4B) . (Rtg2p appears to have the opposite effect, suggesting some separation of functions of these downstream mediators of the retrograde response.) Perhaps, the presence of appropriate signals from the mitochondrion is necessary to evoke life extension through the retrograde pathway (28) , and the absence of these signals renders the pathway in part suppressive for longevity. Our results are consistent with the hypothesis that caloric restriction diminishes or prevents the activation of certain features of the retrograde response and that certain aspects of the retrograde response have a suppressive effect on the increased longevity afforded by caloric restriction. This does not rule out some overlap between functions induced by the retrograde response and those induced by caloric restriction in determining longevity. It has been shown recently that there is a transcriptional switch in the expression of certain metabolic enzyme genes in response to changes in the functional state of mitochondria (43) . This switch consists of a shift in the control of these genes from the Hap to the Rtg transcription complex. Some genes respond to either of these transcription complexes, whereas others are dependent on one or the other.
The metabolic changes that occur on induction of the retrograde response possess some similarity to those that are found in long-lived C. elegans daf mutants and Drosophila lines selected for extended longevity (reviewed in ref 21). They also have some parallels in calorierestricted rodents (21) . The metabolic effects of the retrograde response and of the daf mutants are reminiscent of some of the features of the respective dispersal forms of yeast and worms, the spore and the dauer larva. These are evidently evolutionarily conserved responses to environmentally unfavorable conditions. The retrograde pathway, however, represents a compensatory response to mitochondrial dysfunction, which may play a role in postponing the deleterious effects of mitochondrial damage that can accumulate with age (44) . It is interesting to note that the expression of the severe effects of mitochondrial cardiomyopathy on life span is under the influence of modifying genes (45) . Thus, compensatory mechanisms that are under genetic control are at play. These mechanisms may be related to the retrograde response. Something akin to the retrograde response also appears to operate in C. elegans (46) , suggesting that it is a primitive and conserved response.
The metabolic events triggered by the retrograde response and by caloric restriction in yeast may be related, although the signals that elicit them differ. It will be of interest to determine how the downstream effectors of both of these pathways converge with those identified recently by gene expression profiling of caloric restriction in mice (17) . There has been recent speculation that histone deacetylase activity might be involved in coupling age-related inappropriate gene expression to metabolism (47) . Indeed, histone deacetylases have been shown to modulate yeast life span (48) , and the putative role of gene dysregulation in aging has been adduced (27) . Whether or not histone deacetylases provide a mechanism coupling metabolism and aging and whether this would represent a third such mechanism, in addition to caloric restriction and the retrograde response, remains to be determined. The present study makes apparent the utility of yeast for elucidation of these relationships. For an understanding of caloric restriction, the most fundamental question to be addressed is whether the reduction in calories triggers responses that enhance survival, or whether it is the elimination of excess nutrients that have a negative effect on life span that is responsible. The present study may bridge the gap between studies of aging across wide phylogenetic divisions. were determined for YPK9 cells. (A) Decreased glucose concentration caused an increase in mean life span (62%) and maximum life span, as before, in chemically defined medium. There was no significant effect on life span on 0.1% glucose of deletion of RTG2 (p=0.74). Similarly, no effect on maximum life span was observed (p>0.05). The RTG2 deletion depressed mean life span 24% on 2% glucose. The decrease in life span was significant (p<0.005). However, there was no significant effect on maximum life span (p>0.30). (B) Deletion of RTG3 increased mean life span 55% on 2% glucose in chemically defined medium. The life extension was significant (p<0.00001). As before, growth on 0.1% glucose increased mean life span (80%). The deletion of RTG3 resulted in an additive increase in mean life span of 123% above the control. The additional enhancement of longevity was significant (p<0.01). The corresponding differences in maximum life span were significant (at the p<0.005 to p<<0.001 levels). The mean life spans of the control on 2 and on 0.1% glucose, and of the rtg3∆ strain on 2 and on 0.1% glucose were 10.7, 19.3, 16.6, and 23.9 generations, respectively. The additive increase in life span (in generations) observed was 91% of that expected. Reduction of amino acids concentration to 25% of that normally found in the chemically defined medium or their elimination, while maintaining glucose at 2%, resulted in a 74 and a 95% increase in mean life span, respectively. The extension of life span at 25% amino acids and with no amino acids present was significant (p<0.00001). The extension observed on comparing 25% amino acids with no amino acids was also significant (p<0.02). The corresponding differences in maximum life span were significant (at p<<0.001 levels), except for the comparison of 25% and no amino acids present (p>0.10). The four required amino acids (histidine, tryptophan, leucine, lysine) were always present in the medium. (B) Elimination of amino acids resulted in an increase in mean life span (60%) and maximum life span, as before, in chemically defined medium on 2% glucose. There was no significant effect on life span in the absence of amino acids of deletion of RTG2 (p=0.45). The RTG2 deletion depressed mean life span 10% in the presence of amino acids; however, the effect on life span was not significant (p=0.38). The corresponding differences in maximum life span were also not significant (p>0.30 and p>0.05, respectively). The four required amino acids listed above and glutamate were present throughout.
